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Abstract

We describe the broad basis and application of an approach for very high throughput, ultra-sensitive, and quantitative proteomic measure-
ments based upon the use of ultra-high performance separations and mass spectrometry (MS). An overview of the accurate mass and time
(AMT) tag approach and a description of the incorporated data analysis pipeline necessary for efficient proteomic studies are presented. Ad-
junct technologies, including stable-isotope labeling methodologies and improvements in the utilization of liquid chromatography (LC)-MS
peak intensity information for quantitative purposes are also discussed. Related areas include the use of automated sample handling for
improving analysis reproducibility, methods for using information from the separation for more confident peptide peak identification, and the
utilization of smaller diameter capillary columns having lower volumetric flow rates to increase electrospray ionization efficiency and allow
for more predictable and quantitative results. The developments are illustrated in the context of studies of complex biological systems.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction for environmental bioremediation or the understanding of hu-
man host-microbial pathogen interactions.

With recent advances in genome sequencing, the biolog- Proteomics measurements that yield insight into biochem-
ical research paradigm is rapidly transitioning towards in- ical processes can lead us to new global predictive compu-
corporating an understanding of biology that benefits from a tational models that provide a more solid basis for under-
global “systems” perspective. As aresult, biology is evolving standing environmental and human health. However, to suc-
from a largely qualitative descriptive science to a quantita- cessfully reach this stage of predictive modeling, major ad-
tive and ultimately predictive science in which the ability to vances in the ability to measure these highly complex sys-
collect and productively use large amounts of biological data tems are still required. It is expected that numerous pro-
is crucial. Developing a systems-level understanding of how teomics measurements (e.g., time course, comparative dis-
an organism functions benefits greatly from global measure- ease states, a range of environmental perturbations, etc.) will
ments of proteins because of their primary role in nearly all be needed to provide sufficient data for extracting under-
cellular processes. The interest in proteome-wide measure-standings of even the simplest of biological systems that can
ments ranges e.g. from the analysis of human plasma for theinvolve many thousands of different gene products. mRNA
identification of diagnostic biomarkers, to the characteriza- expression studies using microarrays have similarly shown
tion of biochemical pathways of microorganisms important that hundreds or thousands of measurements are often essen-

tial to support even relatively modest scientific objectives.
In addition to throughput, data quality is highly important
* Corresponding author. since the more quantitative and reproducible the measure-
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ments, the fewer measurements are needed to achieve a giveproach, that's success, is due to the fact that nearly all proteins
objective. yield sets of distinctive peptides. One approach often used
At present, most global proteomics measurements arewith 2D PAGE is referred to as peptide mass fingerprinting.
qualitative in nature, providing little more than “parts lists” A set of peptide fragments unique to each protein is created
of proteins with uncertain quality and limited information on by digestion and used as a “fingerprint” to identify the pro-
co- and post-translational modifications. While these more tein[5-9]. The peptide mass fingerprinting approach has been
qualitative proteome measurements can be useful, they genbroadly applied, but is limited by throughput because single
erally have significant limitations. First, the likelihood that proteins (or a simple mixture) must be isolated prior to MS
both “false positive” and “false negative” identifications will analyses. Another approach to protein identification is based
result from these measurements is substantial; their levels ofon information obtained from the dissociation (e.g., using
confidence are often ill defined, and provided only in quali- tandem MS) of one or more peptidg9-16] Tandem MS
tative terms. These uncertainties are greatest for lower abun{or MS/MS) dissociation of only one peptide can be sufficient
dance proteins, where measurement quality (e.g., the signafor identification of the parent protejh7—21]} which enables
to noise ratio) is lower or where related factors (e.g., the the identification of multiple proteins in a mixtuf22].
identification of only a single tryptic peptide for a protein) For protein analysis, the peptide MS/MS approach can
degrade confidence in the identification, but again in a poorly be combined with peptide mixture separations prior to MS
defined manner. Second, because protein detection dependanalysig23]. The better the overall separation, the more com-
significantly on the sensitivity (and other details) of a spe- plexthe mixture that can be addressed. The separation quality
cific measurement, relatively small run-to-run variations in needed to provide a given level of proteome coverage depends
detection limits and other aspects of sample handling and in-on the MS platform applied and the details of the approach.
strument performance can resultin significant changesinthe  The firstimplementation of a combined liquid chromatog-
proteins detected. Important biological processes potentially raphy (LC)-MS approach for global proteomics was by Yates
associated with changes in protein abundances may be oband co-workers, who utilized two-dimensional (2D) liquid
scured by measurement noise, and extensive sets of replicateshromatography separations (e.g., Mudi2Z,24)) involv-
may be needed to achieve acceptable levels of confidence iring repeated{15) sequential step elutions of peptides from a
such cases. “global” tryptic digest from a strong cation exchange (SCX)
resin followed by reversed-phase solvent gradient separations
inserted between each salt elution step. The separations were
2. Proteome analysis technologies performed in combination with “data-dependent” analysis in
which a few of the most abundant peptides detected every
Proteome measurement capabilities with the desired com-few seconds were additionally subjected to MS/MS analysis
prehensive quality and quantity clearly require further ad- using an ion trap mass spectrometer. Washburn ¢22].
vances in measurementthroughput and data quality. The mosteported identification of 1484 proteins froB cerevisiae
mature proteome analysis technology is based on separationsvith this approach, which represented 24% coverage of the
using two-dimensional polyacrylamide gel electrophoresis predicted open reading frames (ORFs). Proteins were identi-
(2D PAGE), in conjunction with protein identification us- fied from all known sub-cellular compartments, with a wide
ing mass spectrometric (MS) analysis and available protein range of functional classifications, and over a dynamic range
or genome sequence d4ij. However, proteome coverage of ~10,000[24]. Although some bias toward detection of
with 2D PAGE is problematic for proteins that have low very abundant proteins was noted, a large fraction (53%) of
or high isoelectric points (p<3.5 and >9.5), are located in  the identified yeast proteins had codon adaptation indices
membranes, have an extreme range of molecular weights, obelow 0.2, indicating that relatively low abundance proteins
that are present in low abundance. The number of 2D PAGE could also be detected.
“spots” are often poorly correlated with the number of dif- While the “shotgun” approach to proteomics developed by
ferent proteins identified; those proteins that are identified Yates and co-workers was a major advancement, the through-
are predominantly in higher abundar{@¢. In addition, the put for such MS/MS experiments is still limiting. MS/MS
sensitivity of 2D PAGE is generally limited by the need to measurements require that peptides be selected one at a time
first visualize the protein on the gel (femtomole level3}] for analysis; thus, while many peptides can be detected in a
as well as by the additional efforts required for characteri- single first-stage mass spectrum, this approach requires that
zation. Many important regulatory proteins are expressed atthese peptides be individually selected for a second MS stage
such low levels (e.g., <1000 copies per cell) that detection analysis. New linear ion trap MS instrumentation has some-
is precluded unless steps, such as extensively fractionatingwhat improved the efficiency of MS/MS analyses, but one
large protein quantities and/or pooling large numbers of gels analytical cycle is still needed at a minimum for the identifi-
for processing, are taken prior to 2D PAGE. cation of each peptide. The challenge for complex proteomics
Currently, the most effective approaches for protein char- samples is that often large numbers of peptides co-elute from
acterization by mass spectrometry involve digesting the pro- even the best LC/LC separations, and the needed MS/MS
tein to smaller peptide fragments, i.e., a “bottom-up” ap- analysis dictates that only a small subset of these peptides can
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be “picked” for the second stage MS fragmentation and iden- arated from low abundance species prior to the MS analysis
tification. Thus, one is faced with a “too many peaks, too little by the ability to regulate ion populations in the FTICR trap
time” under-sampling problem. This problem can be theoreti- [43].
cally addressed by even more extensive pre-MS fractionation ~ The proteomics approach we have developed is a variation
or separations chromatography to reduce the mixture com-on the “shotgun” proteomics approaches thatyields improved
plexity eluting to the MS at any time point, but this would sensitivity and throughput. As with shotgun approaches, pro-
only come at the expense of significantly lower throughput, teins are cleaved into peptide fragments (e.g., by a specific
increased sample consumption, and likely increased specificproteolytic enzyme such as trypsin) after cell lysis and sample
losses of peptides. processing, producing tens to hundreds of peptides for each
In general, the “bottom-up” approach to proteomics mea- protein, and perhaps >1n total (depending on proteome
surements is highly flexible and comprehensive, and can becomplexity and achievable detection limits). These peptides
adapted and applied to essentially any protein sample. For ex-are subsequently analyzed by high resolution capillary LC-
ample, sub-cellular fractions or other sub-proteomes (e.g., theFTICR. The capillary LC-FTICR analysis can be preceded
phosphoproteome) can be studied by implementing appropri-by additional sample fractionation, which allows for more
ate sample processing st§p5—31] The intact-protein “top- ~ complex proteomes to be studied with greater specificity in
down” approaches, where individual proteins are selected fordetection and generally greater dynamic range. However, to
MS analysis without the need for prior chemical or enzymatic avoid the increase in sample analysis and the subsequent
proteolysig32—35] can complement such peptide-levelmea- lower throughput that would result from additional sample
surements by potentially providing more complete informa- fractionation, when sufficient we use a single high quality
tion on modification state(s). However, a significant fraction separation stage. We do use shotgun LC-MS/MS proteome
of proteins remain intractable to intact level analysis due to analyses for the initial peptide identification but importantly,
factors primarily related to their molecular weight and sol- these multiple analyses need only be performed once for a
ubility. Thus, while top-down approaches are potentially an particular biological system which then effectively serve to
important complement to bottom-up approaches, at this time, create a “look-up table” that contains a characteristic accurate
they are much less mature, and provide much less coveragemass and LC separation elution time for each peptide, which
becomes a unique 2D marker for its identification. These
peptide “mass and time” (MT) tags can then be used with
3. Accurate mass and time tag approach subsequent high accuracy mass and normalized LC elution
time measurements to identify many peptides in each spec-
To overcome the “too many peaks, too little time” bottle- trum without MS/MS, providing both greater sensitivity and
neck we developed a strategy that increases throughput byincreased throughput. The greater sensitivity provides im-
avoidingroutineMS/MS measurements. The technical foun- proved identification of lower abundance peptides, and thus
dation for this strategy involves advanced separations com-better proteome coverage.
bined with very accurate mass spectrometric measurements; The overall proteome measurement strategy has two parts:
in particular, ultra-high pressure capillary LC combined with (1) generating potential MT tags (i.e., peptide markers)
Fourier transform ion cyclotron resonance (FTICR) mass from extensive automated LC-MS/MS analyses and (2) high
spectrometry, and a supporting data analysis and managethroughput LC-FTICR studies that use the MT tag database
ment infrastructure. in subsequent studies to identify peptides and proteins (see
The use of FTICR presently provides a number of ad- Fig. 1). The peptide MT tags are assigned using conven-
vantages over conventional MS platforms, including greater tional software tools (e.g., SEQUES$#4]), providing both
confidence in protein identification and enhanced sensitivity the calculated accurate mass (if the identification is correct)
for low abundance proteirj86—39] Mass spectra can be ac- and the normalized LC elution time (to~<2% uncertainty
quired with resolution in excess of 1@nd with low to sub based on present approachidgl]. Subsequent identification
part-per-million (ppm) mass measurement accuracy (MMA) by LC-FTICR accurate mass measurements effectively val-
[40,41] These measurement qualities are important becausadates an MT tag as an “accurate mass and time” (AMT)
they allow more complex mixtures to be characterized. High tag. This paradigm applies broadly; e.g., modified peptides
quality separations increase the extent of proteome cover-orintact proteins can also serve as MT tags. Conceptually the
age since this depends substantially on the achievable dy-AMT tag approach is similar to the identification of a pro-
namic range of the measurements. With MS platforms such astein spot in 2D-PAGE studies: once a protein spot has been
FTICR that have a maximum ion trap capacity, the overall dy- identified for a particular biological system, a spot at the ex-
namic range achievable depends significantly on the resolu-act same location in subsequent 2D-PAGE analyses of the
tion and peak capacity of the on-line separations used. While same system can generally be assigned with high confidence.
the dynamic range achieved in any one spectrum is typically The ability to confidently “call” such peptides in an LC-
~10%, the effective dynamic range achievable in proteome FTICR analysis depends strongly on the specificity provided
measurements with combined LC-FTICR improves (has beenby the separation combined with the accuracy of the mass
shown to be >19) [42] as high abundance species are sep- measurements.
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Fig. 1. Basic schematic of the accurate mass and time (AMT) tag approach. The AMT approach consists of two main components. (1) Creation of a mass an
time (MT) tag database using a LC-MS/MS peptide identification strategy and (2) use of LC-FTICR-MS for high-throughput accurate mass measurement:

which will be compared against the MT tag database for the identification of peptides and creation of an accurate mass and time (AMT) tag.

4. Proteomic data analysis pipeline analysis “results” files, as well as coordinate data handling
and maintain contextual background information, e.g., cell
Proteomic analysis of biological samples—identifying culture and stress conditions, sample digestion and process-
peptides and proteins, and quantifying their abunda- ing conditions, experimental factors such as fractionation or
nces—using MS technology generally produces large vol- chromatographic separations used and MS parameters and
umes of data. An analysis often provides thousands of sep-conditions, and details for previously processed data such as
arate MS or MS/MS spectra during the LC separation steps.the peptide identification parameters and criteria used. These
Data analysis tools are used for performing database searchesntities are arranged in a hierarchical fashion and can be ac-
toidentify peptides (e.g. from MS/MS datasets or AMT tags), cessed through a web browser interface.
interpret and extract detected masses from MS datasets, and The MTS produces, compiles, and maintains MT tag
assign peptide identifications to MS detected masses. Thesa@atabases developed in the course of biological studies. Cre-
complex multistage analyses also require tracking of experi- ation of an MT database is typically based upon an extensive
mental conditions and sample pedigree. Additionally, quality series of shotgun LC-MS/MS analyses performed using a va-
control measures are desirable at several stages of the processiety of sample fractionation, or cell growth and/or treatment
ing to ensure instrument performance and sample preparatiorconditions. After the peptides are identified from the MS/MS
quality. spectra using tools such as SEQUEST the corresponding LC
Our laboratory uses an in-house developed proteomicselution time is documented for each peptide. We use an elu-
research information system and management (PRISM) totion normalization algorithm to place all peptides on the same
store, track the history of, and provide increasingly auto- elution time scale, and to correct (normalize) for any small
mated analyses of proteomic data. PRISM is composed of dis-run-to-run variations in absolute peptide elution times. (This
tributed software components that operate cooperatively onstep requires that we rigorously use a standard separation
several commercially available computer systems and com-to provide high precision elution time information and fa-
municate by means of standard network connections. Thecilitate a reduction of variation due to run-to-run variability
system not only collects data files directly from all mass spec- in the LC separation process.) The peptide identifications
trometers in our laboratory, but also manages the storage andind normalized elution times are then saved in a relational
tracking of these data files, as well as automating data pro-database along with the appropriate tracking data. The con-
cessing into both intermediate results and final products. Ad- tents of each MT database are determined by selection cri-
ditionally, PRISM collects and maintains meta information teria that are defined in terms of the tracking information
about the biological samples used in research experimentghat the DMS associates with each analysis job. The associ-
and the laboratory protocols and procedures used to preparated DMS tracking information is also used inside an MT tag
them. database in order to analyze the effects of e.g. different cell
PRISM is comprised of two major subsystems: the data growth conditions on protein expression. MT tag databases
management system (DMS) and the mass tag system (MTS)re also automatically updated as new analysis results are
(seeFig. 2). DMS uses various entities to track both data and generated.
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Fig. 2. Basic structure of the proteomics research information system and management (PRISM).

Animportant step in our proteomics data analysis pipeline volves processing each spectrum to identify peaks contribut-
involves reducing the large volumes of raw data to a form ing to the isotopic distributions for different species and then
amenable to all downstream data analysis algorithms. Rawto determine the corresponding neutral masses for the de-
datainclude spectrafrom both LC-MS/MS, which are used to tected specie$ig. 3shows a typical isotopic distribution for
search databases of protein sequences and to generate tablapeptide detected with an 11.4 T FTICR; a single spectrum
of predicted peptide identifications, and LC-FTICR, which

are analyzed and converted to tables of separation times an = 1.6e+87
accurate masses that represent individual species detected
each spectrum. The data reduction step for LC-FTICR anal- g

T o O 1.1e+8
yses is significant; for example, a 10 Gb raw data file single =
experiment using a 9.4T LC-FTICR is reduced to a table
of detected masses that is on the order of 10 Mb in size, a = 54e+71

WAL o

Ampl

three order of magnitude reduction in volume. The data re-

duction step for LC-MS/MS datasets is less significant; a —_—

typical capillary LC-MS/MS dataset file size from an ion 1666. 1667.7 1669.5 1671.2 1673.

traps is~20 Mb and generally yields a list of predicted pep- L

tides havmg a T"e Size (.)f 1Mb or smaller. Fig. 3. Typical isotopic distribution for a peptide detected by FTICR. For
Data reduction for h'gh performance FTICR mass spec- data reduction, thousands of such isotopic distributions in a single analysis

trometers, and increasingly for TOF instrumentation, in- are mass transformed into a table of mono-isotopic masses.
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can contain thousands of isotopic distributions similar to the display allows one to look for groups of related data using
distributions shown in this figure. A typical spectrum is de- data clustering algorithms that detect species having simi-
scribed by using a data vector containing >200,000 points lar monoisotopic masses, elution times, intensities, etc. Each
and calibration information specific to the instrument. After group or UMC has a median mass, central LC normalized
processing the spectrum to extract peak information, a ta-elution time (NET), and abundance estimate, computed by
ble of detected masses and their corresponding intensities isumming the intensities of the MS peaks that comprise the
developed for use in later stages of the proteomics data anallUMC (seeFig. 4). Since even the highest feasible mass mea-
ysis pipeline. The signal is processed to reduce the isotopicsurement accuracy may be insufficient to confidently choose
distribution for a species described B00 raw data points  among possible peptides having similar or identical masses
to a monoisotopic mass e.g. of 1667.9055 Da. The processegas often found in a proteome of a complex organism), we
of converting the isotopic distributions to tables of masses also make use of the NET value to reduce ambiguity in the
are referred to as mass transformation and de-isotoping. Thisdentification phase. Once identified, a UMC can be used
capability has been developed in our laboratory and imple- to search against MT tag databases for matching peptides,
mented in software named ICR-2LS that utilizes an approachto compare features between related datasets, or to compare
based on the THRASH algorithfd5]. features within a dataset. This functionality, together with
Interfacing between the MT tag database and LC-FTICR UMC visualization and reporting capabilities, makes VIPER
datasets is accomplished by the software program VIPER,an invaluable component in the proteomic data pipeline.
whose main objective is to connect LC-FTICR datasets with A statistically based algorithm using a least-squares
previously established MT tags, using a very restrictive cri- method maps the NET and mass of each UMC in an LC-
terion to eliminate or minimize ambiguities. The software FTICR dataset to the NETs and masses in the MT tag
performs MS data inspection, visualization, and analysis ap- databased=ig. 5illustrates a situation in which several MT
plications, allowing for rapid display and analysis of large tags within tolerance of a given UMC (most likely a pep-
datasets produced by both FTICR and TOF mass spectrom+ide) result in an ambiguously identified UMC. In this figure,
eters. VIPER receives a “PEK” file (text file created by the the mass accuracy defines the height and the elution time
ICR-2LS program) that contains a list of molecular masses reproducibility defines the width of the ellipses, which are
and their corresponding intensities extracted from raw spec-the acceptable error boundaries of the MT tags. Instrumen-
tra and can display the result as a 2D plot with elution time tal or procedural enhancements that improve either the mass
(spectrum number) and molecular mass as coordinate axesaccuracy or the NET precision will decrease the number of
The abundance of the isotopic distribution can be indicated by features with ambiguously matching MT tags. For situations
a variable spot size, and color can be used to code abundanca which several MT tags do match a feature, one can compute
ratios and/or charge states of individual distributions. a probability of the most likely match based on the standard-
In the context of VIPER, a chromatographic peak is con- ized squared distance between a given feature’s mass and
sidered as a set of measurements for a given species (typielution time and each MT tag’s mass and elution t[d],
cally in sequential spectra) and designated as a unique masss illustrated by the Probability column Fig. 5 For the
class (UMC). In other words, the UMC is an equivalency example shown, the fourth peptide is the most likely match,
class of isotopic distributions close in molecular mass and because both its probability and its SEQUEST XCorr value
elution time. The VIPER program contains several different are higher than those for the other peptides.
highly customizable functions whose purpose is to “popu-  Our technology platform and analysis pipeline for high
late” a 2D LC-MS peptide landscape with UMCs. The 2D throughput global proteomic measurements has proven to be
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Fig. 4. Visual example of unique mass classes (UMCs) which are 2D representations of a mass tag (peptide) chromatographic peak, see insethitach spot wi
the group represents an isotopic distribution, near identical to the others in the group but separated only by slight changes in the elutiosetitiregrépre
elution of a single peak.
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Mass
2,403.238
2,403.223
2403.1650 Da
NET: 0.594
2,403.207 2+ and 3+
2,403.192
2,403.176
2,403.161
2,403.145
0.500 0518 0.536 0.554 0.572 0.590 0.608 0.626 0.644 0.663 0.681
NET
Monoisotopic Avg High Probability of
Peptide Mass NET  XCorr Match
E.QELRETEHLLHDENEDLRK.L [2403.1777 0.627 | 2.50
L.STPTHAILSAANPTSAAGNPGGESVP - [2403.1665 0.561 | 2.71
R.AQEHSLPNFAGGQHFFEYLLV.V [2403.1647 0.631 | 2.60
R.MPCAEDYLSVVLNQLCVLHEK.T |2403.1635 0.594 | 6.17 0.54

Fig. 5. The inset shows a two-dimensional plot with normalized elution time (NET) on the horizontal axis and mass on the vertical axis. The regitethighl
inred on the inset plot is illustrated by the larger plot. A single detected feature is present at 2403.1650 Da and 0.594 NET. Four MT tags matchwliis feat

the tolerances dictated by the mass accuracy and elution time accuracy of the instrument. The probability of each match was computed usintizibe standar
squared distance between the feature’s mass and elution time and each MT tag’s mass and elution time.

broadly effective for identifying proteins from both microbial approach is that variations due to sample processing (after
and mammalian systems. The continued development of thismixing) and analysis are eliminated, allowing the relative
strategy involves targeted analysis to provide a larger increaseabundances to be determined to better than 10-20% in many
inthroughputand data production that is both quantitative and case447,50,51]
ofimproved quality. Also critical is the continued progression One stable isotopic labeling method that we have found
of supporting capabilities to make this increased data streamespecially useful for comparing relative protein abundances
more useful for biological applications, and its extension to is via enzyme transfer df0 from water to the C-terminus
both modified peptides and “top—down” approaches. of peptideg52]. In this approach, proteins isolated from two
samples are separately digested in eitf@ror'80 water us-
ing trypsin. The oxygen atom, eith0 or180, from water is
5. Quantitation strategies incorporated into the newly formed C-terminusin each tryptic
peptide, thus providing an isotope tag for relative quantita-
Proteome measurements often involve comparing proteintion. Initial work with this approach indicated that labeling
abundances between two cellular populations that differ as aefficiency can vary somewhat for different peptides, lead-
result of some change or perturbation. For comparative stud-ing some peptides to incorporate tARD atoms per peptide
ies that employ stable-isotope labeling, the AMT tag strategy while others only incorporate o0 [53,54] This variabil-
can increase throughput and precision by directly compar- ity and its repercussions for quantitative analyses made its
ing two proteomes in the same analysis, such as compar-use problematic. Recently, however, the mechanism®or
ing perturbed systems to a common “reference proteome”. transfer was demonstrated to be an enzyme-catalyzed oxygen
A stable-isotope labeled (e.g°N or 180 labeled) reference  exchange reactigs5], allowing much more consistent label-
proteome provides an effective internal standard for many ing of two 80 atoms to be obtained during a post-digestion
peptideg47-49] A key advantage of this well-established trypsin-catalyzed®0/*20 exchange reactiof56]. The ad-
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vantages of the enzymafiO labeling approach include the including extensive SCX fractionation and depletion of high
ability to label all types of samples (including tissues, cells, abundant proteins prior to LC-MS/MS analysis to obtain the
or biological fluids), the simplicity of the reaction and its necessary dynamic range in protein detectfeig. 6 shows
specificity for C-terminus of tryptic peptides, and identical the chromatographic scheme of a subset of the results (Shen
elution times for both light and heavy isotopic-coded pep- et al., submitted for publication). LC-FTICR analysis was
tides in a pair. The incorporation of tW§O atoms gives a  then performed with%0/180 labeled peptide mixtures from
mass difference of 4 Da between tH0 and!80 labeled plasmaFig. 7 shows a partial 2D-display of the results from
tryptic peptides, and is most effective when using a high res- a single LC-FTICR analysis and an example peptide pair, il-
olution mass analyzer such as TOF or FTICR to effectively lustrating an increase in the protein’s plasma concentration
resolve thé®0 and'®0 labeled peptide pair peaks and allow in conjunction with lipopolysaccaride treatment.
quantitative determination of relative abundances. Also currently being applied in our laboratory is a Quan-
Recently, our laboratory has applied the trypsin-catalyzed titative Cysteine-peptide Enrichment Technology (QCET)
160/180 |abeling and the AMT tag approach to quantitative [53]that allows high throughput systematic identification and
studies of relative changes in protein concentrations in treatedquantitation of proteins expressed in mammalian cells. This
(lipopolysaccaride) versus untreated human blood plasmaapproach is an alternative to the isotope-coded affinity tag
samples (Qian et al., in preparation). Initial work involving (ICAT) approach and can be readily applied to proteome-
human plasma samples centered on developing strategies fowide measurements of very small samples. The QCET ap-
effective MS analysis and on creating a comprehensive masgproach combines quantitatid¥0/80 labeling with spe-
tag database for subsequent application of high mass accuracgific capture and isolation of cysteine containing peptides,
and quantitative studig57,58] More than 600 LC-MS/MS  as shown irFig. 8A. Additional benefits include the reduc-
analyses were performed to comprehensively identify pep- tion in sample complexity that results by the elimination of
tides forthe MT tag database. Multiple approaches were used typically 80-90% of non-Cys containing peptides and the
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Fig. 6. Chromatographic representation of a pre-analysis separation and depletion scheme of a human plasma sample for RPLC-MS/MS analgsis and creat
of a mass tag database for further high mass accuracy studies. Depletion was performed at the protein level with the removal of both immunaglobulins an

human serum albumin, cartridge G and cartridge anti-HSA, with the various protein fractions submitted to tryptic digestion and strong catien8xKgn
separation prior to MS/MS analysis (Shen et al., submitted for publication).
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Fig. 7. (A) A 2D plot generated by the software program VIPER showfi@80 peak intensity pairs using LC-FTICR technology. (B) Example peptide
identification of an up-regulated protein by comparing normal plasma and plasma from an LPS-administered subject identified by the AMT tag abproach an
180 labeling[86].

subsequentimproved peptide identification (essentiallyallre-  The quantitative cysteine-peptide enrichment approach
covered peptides should contain a Cys residue). Using QCET,was initially applied to study the differential protein expres-
proteins from two cell states or conditions are prepared andsion in human mammary epithelial cells (HMEC) following
separately digested by trypsin under identical conditions, phorbol 12-myristate 13-acetate (PMA) treatment. To gen-
with tryptic peptides from both samples exclusively labeled erate the HMEC mass tag database, Cys-peptides enriched
with either'®0 or180 by immobilized-trypsin. The differen-  from the tryptic digest of cellular lysates were fractionated
tially labeled peptide samples are then combined, and Cys-by SCX chromatography and analyzed by LC-MS/MS. An
peptides are selectively captured using thiol-specific affinity MT database was generated, containing 6222 identified pep-
resin {ig. 8B) and released from the resin by incubating with  tides (covering 3161 proteins). To compare the relative pro-
a low molecular weight thiol. The enriched Cys-peptides are tein abundances between théweaand PMA-treated cells,
analyzed by LC-MS/MS and LC-FTICR, and identified and 100ug total protein from each sample was digested, la-
quantified using the AMT tag approach. beled, and combined for Cys-peptide enrichment. The re-

(A) (B)
Cell State 1 | Cell State 2
| -l 5 ~ =
| .

‘ Tryptic digestion ‘ | Tryptic digestion

|
l v S ' /
180 labeling 80 labeling d

\\\“\
\ R—SH
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Covalent enrichment of cysteinyl peptides

LC-MS/MS
“\

LC-FTICR-MS

Fig. 8. (A) Strategy for quantitation of differential protein expression. (B) Reaction scheme for covalent capture of a cysteinyl peptide (RiSptppnlt
sepharose 6B.’RSH represents a low molecular weight thiol such as [53].
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Fig. 9. A 2D display of 1348 peptide pairs from which 935 pairs were identified as uniqgue AMT tags corresponding to 603 proteins identified and quantified.
Insets show three examples of peptide pairs with their sequences, corresponding proteinst%méeReatios[53].

sulting peptide sample was analyzed by LC-FTICR, and a in detection of only one of the peptides (e.g., when there
total of 1348 labeled peptide pairs were observed in a singleare large abundance changes or low signal to noise levels
analysis (seé-ig. 9. Among these, 935 pairs identified as for the measurements). Approaches based upon the use of
AMT tags corresponded to 603 prote[B8]. The QCET ap- peak intensities are attractive for this purpose, but peptide
proach significantly reduces the overall sample complexity abundance measurements obtained using MS signal inten-
by use of high-efficiency Cys-peptide enrichment and makes sities may vary significantly for reasons that can include
the AMT tag approach effective for applications to complex variations in ionization efficiencies and losses during sam-
mammalian proteome samples. Similarly, the primary dis- ple preparation and separations. While more readily useful
advantage of the approach is that the number of peptidesfor large differences in abundances between samples, peak
detected per protein is generally small, but confidence in the intensity measurements have been less effective for studying
protein identifications should remain high due to the added more subtle variations. However, our studies indicate that
constraint of the identification of only cysteine containing proper control of the sample process and analysis conditions
peptides. (e.g., for electrospray ionization) yields data with high re-
producibility between runs and provides a basis for more ef-
fective quantitation. Other recent reports have also described
6. MS peak intensity based quantitation the use of peptide peak intensity information for determin-
ing changes in relative protein abundances based upon dif-
Comparative measurements based on isotopic labelingferent normalization techniqugs9,60] While less precise
generally require that both versions of the peptide (labeled than stable-isotope labeling methods, such approaches have
and unlabeled) be detected, but often large changes in relathe advantage of not requiring additional studies to prepare
tive protein abundances between two labeled samples resulsamples with isotopic labels (or additional sample processing
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Fig. 10. Left, total signal capillary LC-FTICR chromatograms obtained for three unattended overnight ‘back-to-back” analyses of the sanigetsyptic d
aD. radioduransproteome sample. Right, portions of the mass spectra acquired during two capillary LC-9.4 T FTICR runs conducted 2 weeks apart using
automated injections of the sarbBe radioduransproteome samplg/5].

steps to add labels), and are broadly applicable regardless ofration, and (4) other factors that can cause variation in
sample type. response.

In spite of providing the highest precision likely achiev- We found that the run-to-run reproducibility of proteome
able for comparative analyses, stable isotope labeling ap-analyses improved dramatically when a fully automated cap-
proaches have weaknesses that arise when both labeledlary LC-FTICR system[61] was implemented. As an ex-
versions are not detected. Thus, approaches based on M@ample, Fig. 10 (left) shows the run-to-run reproducibility
intensity data can be used to complement isotopic label- observed for the total ion chromatograms reconstructed for
ing approaches. Issues that dictate the utility of utiliz- triplicate LC-FTICR analyses of@. radioduransproteome
ing both approaches are primarily related to: (1) the run sample, and (right) the reproducibility obtained in the mass
to run reproducibility of proteome analyses, (2) the ef- spectra for an identical sample analysis after 2 weeks. Sim-
fectiveness of data normalization approaches (similar to ilarly, Fig. 11shows the variation in intensities for peptides
those used for microarray data analysis), (3) the linear- obtained from six replicate analyses of the sageonei-
ity of signal response as a function of protein concen- densigproteome sample. The average coefficient of variance
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Fig. 11. Left, reproducibility of absolute abundance values for mass and time tags identified in six replicate capillary LC-FTICR analyseseitlansis
typically digested proteome sample. The upper plot represents the coefficient of variance in intensity across the six replicates while thetmpaneiet
the intensity values seen for each identified AMT tag across the replicates. Right, an excerpt from the raw intensity values is shown on the I&ibX€se two
illustrate the reproducibility of intensity values for a given AMT tag across the 6 replicates without normalization between the replicates.
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is ~10% for the highest abundance peptides and increasedons are desolvated and the concentration of large problematic
to ~40% for low abundance peptides, illustrating the excel- droplets or clusters is minimal. Depending on the flow rate,
lent reproducibility obtainable using automated capillary LC- sample concentration, and surface activity, a large portion of
FTICR. the analyte (peptide sample) can form these charged clusters
These results support the feasibility of using quantitation or residue particles at conventional flow ratgkfmin). Also
approaches based on intensity data, and are consistent witlproblematic is the limitee-1 cm spacing between the electro-
several other repor{§9,60]. However, such approaches have spray emitter and the MS inlet combined with the expansion
been criticized because of the possibility of ESI “suppres- of the electrospray plume, resulting in areduction in MS inlet
sion” effects that can arise due to the presence of solutionefficiency Fig. 12 top), as well as limiting sensitivity.
matrix components or peptides eluting at the same pointin ~ Observations indicate nano-ESI detection response is
the separation. Such suppression effects could make determore concentration sensitive and less mass sensitive than
mining changes in abundance as well as determining the rel-with conventional flow rates. It is well known that increas-
ative abundances differentpeptides problematic. Since the ing the flow rate in the conventional regime generally does
extent of suppression is expected to be highly dependent upomot significantly increase the sigr{@l6]. In our initial work
the precise solution composition, even comparative measurewith ESI interfaced to capillary electrophoresis (CE)-MS,
ments for thesamepeptide could be problematic. To address we were able to demonstrate sub-femtomole detection limits
this issue, analyses should be conducted under conditiond67] due to the relatively low CE flow rates. Higher sensi-
where ionization suppression effects are minimized (and ide- tivity was obtained in subsequent studies by employing even
ally eliminated). For this reason we now discuss relevant is- smaller diameter capillaries, which serves to provide a reduc-
sues related to ESI performance. tion in both the sample size used in the analysis as well as the
liquid flow rate in the capillan[68]. The use of 1@um i.d.
capillaries for CE-Mg69] provided low nL/min flow rates,
7. Electrospray ionization efficiency and resulted in a mass sensitive response due to the limited
delivery of charge carrying species. Later, we described an
The conditions under which ionization suppression occur ESI source that used an etched conical ESI emitter and sub-
are relatively well understood and are related to both ana- pL/minflow rates that provided improved stability and utility.
lyte concentration and ESI volumetric flow ratgR—64] The smaller electrospray droplet size enables the emitter to
Large, conventional flow rates result in greater compound- be aligned “on-axis” and closer to the MS inlet, yielding a
to-compound variation due to the increased analyte competi-more efficiention delivery and increase in sensitivitig( 12
tion for charge and the proximity to the electrospray droplet bottom)[70]. Table lcompares the characteristics of conven-
surface. Converting the electrospray ionization from a con- tional (5p.L/min) flow rates with nano 20 nL/min ESI flow
ventional flow rate to a nanoflow regime (Seig. 12 [62) rates. The work performed by both Wilm and Mdiia] and
produces smaller initial droplets that allow ions to form more Fernandez de la Mora and Loscerta]é8] with respect to
rapidly and efficiently with less heating. Smaller droplets characterization of ESI models has provided helpful insight
move towards the periphery of the electrospray plume due tointo these relationships.
their smaller inertia and higher charge deniy] (Fig. 12 With sufficiently low flow rates and concentrations deliv-
top); consequently, conventional electrosprays are generallyered to the electrospray there is on average less than one ana-
sampled “off-axis” of the MS inlet, where a majority of the lyte molecule per droplet. Thus, the analyte is dispersed into
very small, easily desolvated charged droplets with the ion-

Coiveritionial slettrosgray ization efficiency approaching 100§62]. Even at reduced
rates inthe intermediate flow levels, ESI efficiencies becomes
— - more uniform (sed-igs. 13 and 1}4[62], and the efficiency
—— of ion introduction through the MS inlet is enhanced. An-
MS inlet other advantage of this mode of operation is that at low flow
I_ rates ESI can be used to effectively study compound classes

that can be otherwise problematic due to their low surface
activity (e.g., highly hydrophilic oligosaccharid€3)3,74]
Additionally, the concentration where linear response ends
— T it can occur at a fairly sharp bounddid]. Fig. 15shows LC-
A— FTICR peak intensities versus sample size for three abundant
/’ peptides obtained from LC separation using aB®i.d. cap-
illary [75]. For sample sizes below a given level, MS peak

_ intensities (or peak areas) are generally in the regime where
Fig. 12. Normal flow rate electrospray (top) vs. a nano flow rate electrospray

(bottom) that produces smaller droplets. By allowing closer proximity to SlgnaIS mc_rea_tse “n_early with sz_imple S_'ZG_and prQVIde J_[he
the MS inlet, the lower flow rate electrospray affords more efficient ion €St quantitation. Since smaller i.d. capillaries provide a lin-

introduction (sedable ) [62]. ear response over awider range of sample concentrations, our

gas flow

Nanoelectrospray

(Not to scale)



J.M. Jacobs et al. / International Journal of Mass Spectrometry 240 (2005) 195-212

Table 1

Comparison of electrospray characteristics at conventional and nano-ESI floj6&jtes

207

Flow rate Conventional (gL/min) NanoESI (20 nL/min)
Droplet diameter 1.4pmP—6pme 150 nnf—220 nn?
Electrospray currefit 200nA 12nA
Droplet generation rate % 10°°—6 x 107°(1/s) 6x 107°-2 x 108¢ (1/s)
Molecules/droplet (.M analyte concentration) 8607206 1e-3
Charges/droplet 2 10°0—2 x 10°¢ 400°-1250
Charges/analyte (M concentration) 28%¢ 360P°

a [74).

b172].

© [71].

d Measured.
laboratory has implemented a “periodic upgrade” to its high
throughput capabilities for implementing decreasing capil-
lary i.d. (and ESI flow rate) from 150m to 75 or 5Qum i.d.
used at present, after demonstrating robust operation of the reserpine
smaller capillary i.d. columns using an automated ultra-high 4, (283776)
pressure LC-ion trap MS system. The ideal approach is tc
use LC capillary columns that provide the lowest flow rates, so
while remaining robust enough for high throughput opera- 100 pM/pL

tions. Available results suggest that column i.d.’s extending *°

to as small as 1am should be beneficial.

There are challenges associated with obtaining high qual
ity LC separations at nano-flow rates, beginning with the in- 2o
troduction of the sample to the column. Even when using the (21568)  (23392) (24504)
highest reasonable LC pressures possible, injection timesfc ° ot h ' Ay ' '
loading a 1QuL sample onto a 90 cm 15um i.d. column 1000200300400 500 600 700 800 900
can take upward of 500 min due to the inherent flow resis-

caffeine - MRFA *

reserpine
tance of the longer packed capillaries. We have overcome thi: ;4 (39912)
time-limiting step by developing a system that starts off with
a short pre-column that has a much larger i.d. onto which the 8o 10 oM/uLL
sample can be quickly loaded. We found that a 4cm long, w0l caffeine Py
(15205)
Micro-electrospray: . 40 MRFA **
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Fig. 13. A simplified illustration showing how concentration and flow rate 100 200 300

can affect the ESI process. For larger flow rates, which produce larger

droplets Table ), analyte surface activity, concentration, and competition Fig. 14. Mass spectrafor a three-component mixture at three concentrations.
from other species can affect overall ionization efficiency, the extent of ion- At the highest concentration (top) reserpine displays greater intensity than
ization “suppression” and quantitation. At sufficiently low flow rates and other components, but peak intensities become nearly equivalentat the lowest
analyte concentrations, each droplet contains on average less than one anaoncentration (bottom). As electrospray flow rate is decreased, ionization
lyte molecule, ionization efficiency is 100%, and suppression/matrix effects competition/suppression is avoided at increasingly higher concentrations
are eliminated62]. [62].
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700 - The 15um i.d. ~85cm long column, which provides
ngﬁgggjss, ba _.__.o‘" an optimal flow rate of~20 nL/min and requires pressures

600 A 121468Da around 10,000 psi, increases the ESI efficiency by as much
m 122886Da as 100-fold more than conventional 1o i.d. columns.

500- The 15um i.d. column also can maintain peak capacities

of ~1000[75]. In one instance, the number of peptides de-
tected with LC-FTICR increased approximately three-fold
by improving the separation peak capacities frerb00 to
~1000[80]. Similarly, improving LC peak capacities from
~550 to~1000 doubled the number of peptides identified
with MS/MS[76].

4001

300

ESI-MS intensity

200

Lo 8. Sensitivity and dynamic range for quantitative

measurements

oo

T T T T T
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Yeast tryptic digest samplesize The use of smaller i.d. capillary columns considerably

improves sensitivity, while also improving the practical dy-
Fig. 15. ESI-MS peak intensities vs. the total proteome sample size for three N@mic range of measurements when the absolute sample size
of the more abundant peptides having the indicated molecular weights. Theis constrained. To examine both the sensitivity and the range

results were obtained using a 3 i.d. packed capillarj42]. of relative protein abundances measurable for complex pro-
teomic samples, we examined a tryptic digest of a mixture

50wm i.d. pre-column (coupled to a 86 cm long, d% i.d. containing a 18:1 difference in protein abundances for two

analytical column) canload a 14 sample inr~1.5 min[76]. standards (75 femtomoles cytochromend 75 zeptomoles

Another challenge is the amount of time involved with pack- bovine serum albumin) and 5ng of afN/1°N-labeledD.

ing such long, small i.d. columns; however, once created, radioduranslysate[81] (seeFig. 16). The results show that
these columns remain highly stable for extend periods of time proteins havingt leastsix orders of magnitude difference in
[77]. A possible solution is to use smaller and more uniform relative abundances can be characterized from a single run of
particles, which would improve the ease of packing. Other complex proteomic samples. In general, our studies demon-
promising alternatives include using open tubular columns, strate that integrated peak intensities reflect relative abun-
where the stationary phase is coated on the inside capillarydances most precisely for lower abundance species. While
wall [78], or monolithic columns where the stationary phase the ratios of MS peak intensities significantly deviated from
support is polymerized in sitir9]. the relative protein content during elution of the most abun-

Nanoflow LC-FTICR total ion chromatogram (15 pm i.d. packed capillary)
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Fig. 16. Examination of the analysis rangdfradioduransrelative protein abundances. The sample contained 75 femtomoles cytoahrobreeptomoles
bovine serum albumin, and 5 ng ¥iN/*°N-labeledD. radioduranstryptic digests.
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dant peptides, both this and previous wprkk,82]illustrate nological developments, as well as fast data-dependent com-
that quantitative analyses are achievable for other intermedi-puter control of the experiment. After overcoming several
ate and lower abundance species. A crucial related point islimitations, we developed dynamic range enhancement ap-
that high efficiency and high resolution separations allow high plied to MS (DREAMS)[83], which is based on the ejection
abundance species to be generally well separated from mosbf the most abundant ions in a mass spectrometer so as to
low abundance species, thus enabling better quantitation. provide more efficient use of the FTICR mass spectrometer’s
The performance obtainable using al i.d. column dynamic range for each spectrum. To accomplish this task,
LC separation in proteome analyses was initially evaluated we developed software that uses the peak intensities from
using micro solid phase extraction (microSPE) and nanoESIan FTICR mass spectrum to calculate a set of frequencies
coupled on-line to FTICR-MS+ig. 17shows the separation  that are then used to perform dipolar irradiation of ions in an
of 0.25ng of aD. radioduranslysate tryptic digest sample “external”’ 2D quadrupole to remove the high intensity ions
using on-line microSPE-nanoLC/nanoESI-FTICR, where a before the collection (or accumulation) step in the external
50pm i.d. microSPE capillary was used as the pre-loading quadrupole. The ions collected in this external quadrupole
column[76]. A 10l solution of the sample was introduced are then transferred to the FTICR ion trap. Due to elimina-

to the microSPE column at a loading speed~oB pwl/min tion of major ions in this way, which would normally resultin

at 10,000 psiFig. 17demonstrates the ultra-sensitivity pro- the rapid filling of the external quadrupole ion accumulation
vided by this system that led to identification of B3radio- device, longer ion accumulation times can be used to accu-
duransORFs, using">N/1*N-labeled peak pairs from only ~ mulate more of the low abundance ions. The end result of
5 pg oftotal sample. this process is that much greater sensitivity and an extended

For several years we recognized the potential of an ap- dynamic range are achieved.
proach that would expand the dynamic range of our MSin-  As a demonstrationfig. 18 displays two partial chro-
strumentation, but implementing it required significant tech- matographic spectra obtained from one LC-FTICR-MS anal-
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Fig. 17. The ultra-sensitivity provided by microSPE/ nanoLC-FTICR led to identification B 88dioduransORFs in both of theit°N/*N-labeled versions

from 5 pg oftotal sample. For single peptides, the mass sensitivity can be as high as 10 zeptomole with the concentration detection limit extending to 250

attomolarconcentratiorbased on injection of the sample in 40 solution (which can be loaded in 5min) and is highly amenable to future autonjaéan



210 J.M. Jacobs et al. / International Journal of Mass Spectrometry 240 (2005) 195-212

Chromatogram from

A

* Al T
50 100 150 200 250 300 e

: ,..u]huﬂ | TV R I ccloamemm =T
t r - '
Speqtrl:ll-l-‘n Number 500 675 850 1025 1200
(Time) m/z

Chromatogram from even-numbered
. DREAMS spectra (after largest peaks ejected)

1
1
1
1
1
1
|
1
1 <--->)
1

20N

’

o
30

50 100 150 200 250 o, b .- T mzZ77T 77
Spectrum Number
(Time) 500 675 850 1025 1200

m/z

Fig. 18. Partial chromatograms and examples of typical “normal” and DREAMS spectra from a capillary LC-FTICR analysis of peptides from a tegptic dige

of a mixture of natural isotopic abundance dfil-labeled mouse B16 proteins. Top left: partial chromatogram reconstructed from the normal FTICR mass
spectra. Bottom left: corresponding chromatogram from the DREAMS spectra for which high relative abundance species were ejected, allowong longer i
accumulation. The mass spectra (center) show the effective ejection of the major species in the top spectrum compared to the one shown on tee bottom. Tl
detail (right) shows a large gain in sensitivity and S/N for a peptide pair providing a basis for quantitative comparison of protein abundanoesdalthe t
cultures[62].

ysis, using an equal quantity 8®N and 1*N labeled B16 ~ immensely complex sample with a large dynamic range
mouse Ce||q62] Two different ion Chromatograms were of relative protein concentrations. More than 99% of the
reconstructed from this experiment, the first corresponding Protein content in human plasma is due to only 22 pro-
to the “normal” odd numbered mass spectra and the sec-teins with the most abundant protein, human serum albu-
ond to the DREAMS “even” numbered spectra in which the min, representing at least half of the total contfgg]. To
higher abundant ions were ejected. Observed is the removadate, we have confidently identified >2000 proteins in hu-
of the high abundance ions, with a subsequence increase ifman blood plasma samples using our capillary LC separa-
detection of lower abundant ions. The identification of clear tion system coupled with extensive pre-MS separation de-
15N/14N pairs, previously unseen in the “normal” spectra, Scribed above (Shen et al., submitted for publication). The
correlates to a large improvement in sensitivity and dynamic €xpanded sensitivity and dynamic range afforded by the sep-
range that can be applied within a single LC-FTICR-MS aration allowed numerous lower abundant species to be de-
experiment. By implementing the DREAMS approach, we tected. Such a detectable dynamic range is needed for the
have typically seen proteomic identification rates increase by future identification of potential biomarkers for diagnostic
35%(83]. In an application involving &°N/1*N labeledD. purposes.
radioduranssample, the number of detected peptide pairs in-
creased by-50%, and the total number of proteins identified
(1244 proteins, representing 40% of the predicted proteome)9. Future directions
included 279 proteins detected only in the DREAMS set of
spectrg84]. The field of proteomics continues to advance, increas-
An especially challenging system for detectible dynamic ingly driven by enhanced MS instrumentation, computational
range is the human blood plasma proteome, which is antechnologies, and quantitative methodologies. As capabilities
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